Background: Excessive light exposure and genetic mutations that act as "equivalent light" cause photoreceptor cell death. Results: Prolonged transducin signaling, but not channel closure, induces endoplasmic reticulum stress. Conclusion: Induction of UPR is a distinct cell death pathway caused by transducin signaling. Significance: Manipulation of UPR may prolong photoreceptor cell survival in transducin-induced retinal light damage.
Light is an environmental factor that modulates the rate of many retinal diseases (1, 2), including age-related macular degeneration (3, 4) . Excessive light exposure in itself is damaging to the retina (5, 6) , and different experimental paradigms of light damage have been used to investigate the mechanism of photoreceptor cell apoptosis. The use of rhodopsin knock-out and RPE65-deficient mice clearly showed the requirement of rhodopsin and a functioning visual cycle in light damage (7) . Downstream of rhodopsin, two distinct pathways are known (8) . The first involves bright light activating a large amount of rhodopsin, R*. Early changes in this pathway include a large increase in intracellular Ca 2ϩ within the rod photoreceptors (9) and activation of c-Fos and c-Jun (10) . Cell death in this pathway is independent of the visual G-protein transducin but is prevented in the c-Fos-deficient mice (11) . The second pathway involves constitutive G-protein signaling. In retinal rods, photolyzed rhodopsin activates several transducin molecules which in turn activate the effector enzyme PDE6. PDE6 hydrolyzes cGMP, leading to closure of the cGMP-gated (CNG) channel. Photolyzed rhodopsin is deactivated by rhodopsin kinase (GRK1)-mediated phosphorylation of serine and threonine residues at the carboxyl terminus of rhodopsin (12) followed by arrestin (ARR1) binding (13, 14) . Therefore G-protein signaling is prolonged in the ARR1 or GRK1 knock-out mice, and the retina degenerates even under low ambient light (15, 16) . Light damage in this pathway is prevented in the transducin G t ␣ (encoded by the GNAT1 gene) knock-out background, indicating a dependence on phototransduction (8, 17, 18) . How constitutive G-protein signaling leads to photoreceptor cell death is not well understood but is an important question to address inasmuch as defects in ARR1 and GRK1 genes occur in the human population (19, 20) , and certain mutations in other phototransduction genes generate "equivalent light" by driving the phototransduction cascade (21) .
Light damage to photoreceptors in the albino BALB/c mice is caused by pathologically high levels of light-activated rhodopsin, R*, produced even under relatively low ambient illumination. Two factors contribute to generate high levels of R* in BALB/c mice: first, the lack of pigment in the iris that normally restricts the amount of light reaching the neural retina; and second, a robust RPE65 enzyme that rapidly regenerates the visual pigment rhodopsin (22) . In contrast, the pigmented iris of C57/B6 and ARR1 Ϫ/Ϫ mice (which are in C57/B6 background) reduces the amount of light reaching the retina by 2 orders of magnitude relative to that of albino mice (23) . Further, the Met-450 variant of RPE65 expressed in C57/B6 mice is less active and slows the kinetics of rhodopsin regeneration by 4-fold when compared with the Leu-450 variant expressed by BALB/c mice (22) . Thus the difference in the levels of R* generated by the same light exposure to BALB/c and C57 mice can be Ն400-fold, making the albino BALB/c mice an ideal light damage model to isolate the toxic effect of excessive R*, which generates reactive oxygen species and cause oxidative stress (2, 24) .
In wild type mice, rhodopsin catalytic lifetime has been estimated to be as short as 40 ms (25) . However, in the ARR1 Ϫ/Ϫ rods, the light response is abnormally prolonged. Rhodopsin phosphorylation proceeds normally in the ARR1 Ϫ/Ϫ rods and decreases the catalytic activity of rhodopsin by ϳ70%; full recovery follows the time course of meta II decay, which on average is ϳ42 s in mouse rods (14) . Assuming in wild type rods that rhodopsin phosphorylation occurs halfway through its catalytic lifetime and the rate of transducin activation is 1,300 G t */s (26) , the number of transducin activated is estimated to be 34 ([1,300 G t */s ϫ 0.02 s] ϩ [1.300 G t */s ϫ 0.02 s ϫ 0.3] ϭ 34 G t *). In contrast, the long R* lifetime in the ARR1 Ϫ/Ϫ would activate 16,400 G t (1,300 G t */s ϫ 42 s ϫ 0.3), which is ϳ480-fold more than wild type. Although high levels of R* generated in the albino mouse model will also activate G t *, the amount is expected to be lower than ARR1 Ϫ/Ϫ [34G t */s ϫ 100 (for pupil dilation) ϭ 3,400 G t */s]. Thus ARR1 Ϫ/Ϫ mice is an ideal model system to isolate the deleterious effect of prolonged transducin activation.
In the present study, we compared the initial molecular events following light exposure in the albino BALB/c and the pigmented ARR1 Ϫ/Ϫ mice using an experimental paradigm that produced a similar degree of photoreceptor cell death in both models. We showed that prolonged G-protein signaling caused by the lack of ARR1 led to a rapid induction of the PERK arm of the unfolded protein response (UPR) 2 followed by a coordinated increase in global protein ubiquitination and degradation of PDE6 and guanylyl cyclase activating protein 2 (GCAP2). These changes were prevented when G-protein signaling was abolished in the GNAT1 Ϫ/Ϫ background. Transducin activation leads to closure of cyclic nucleotide-gated (CNG) channels. However, light damage did not occur in the CNG channel knock-out rods, suggesting that G-protein signaling, but not channel closure, initiates the cell death pathway. In the albino light damage model, light-exposed BALB/c retinas showed equivalent degradation of phototransduction proteins without an increase in protein ubiquitination or induction of ER stress. Our findings implicate an involvement of the UPR in constitutive G-protein-induced cell death.
EXPERIMENTAL PROCEDURES
Mice-All experimental procedures were performed in accordance with regulations established by the National Institutes of Health. The animal protocol was approved by the University of Southern California Institutional Animal Care and Use Committee. The ARR1
Ϫ/Ϫ , and Cngb1 Ϫ/Ϫ transgenic mice were derived from 129sv ES cells and successive bred with C57/B6 mice for more than five generations. C57/B6 and BALB/c mice were purchased from the Jackson Laboratories. ARR1
Ϫ/Ϫ , and BALB/c mice were born and reared in darkness to avoid light-dependent retinal degeneration. C57Bl/6 mice were reared in 12-h light/dark cycles and moved to darkness 1 week before the light exposure.
Light Exposure-Experiments were performed on 4-weekold mice. The mice were exposed to diffuse cool white fluorescent light at luminescence level of 5000 lux without pupil dilation and then euthanized at the following time points: 0.5, 1, 2, 3, 4, 5, 12, or 36 h after light onset. For some experiments, the mice were exposed to light for 12 h followed by 36 h in darkness.
Retinal Morphology-After mice were euthanized, the superior pole of their cornea was marked by cauterization before enucleation. The cornea and lens were removed, and the remaining eye cup was embedded into epoxy resin. The eponembedded eyes were sectioned along vertical meridian into 1-m sections and stained with Richardson stain, and morphometric measurements of outer nuclear layer thickness were performed as described previously (27) . Images were acquired on a Zeiss Axioplan2 microscope using a 63ϫ objective.
Immunofluorescence-Eye cups were prepared as described above and placed in 4% formaldehyde, 0.5% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.2, for 1 h and rinsed four times for 15 min each time in 0.1 M cacodylate buffer. The eye cups were then cryoprotected in 30% sucrose overnight and then embedded in O.C.T TM (Tissue-Tech) and sectioned at 10-m thickness in a cryostat (CM 3050 S; Leica Microsystems). The sections were treated for 2 min room temperature with 0.2 mg/ml proteinase K in blocking buffer (2% bovine serum albumin, 2% goat serum, 0.3% Triton X-100 in PBS) and heated to 65°C for 10 s followed by five rinses with PBS. Blocking buffer was applied for 1 h and then replaced with rabbit polyclonal antibody against GCAP2 (28) or GCAP1 (made in our laboratory, both diluted 1:100 in blocking buffer) or a mouse monoclonal antibody against rhodopsin (1D4, gift from R. Molday). The sections were rinsed and incubated with a fluorescein-or Texas Red-labeled secondary antibody (Vector Laboratories). The images were obtained using a LSM 5 confocal microscope (Zeiss Microscopy).
Western Blot Analysis-The retina was dissected and homogenized in 150 l of buffer (150 mM NaCl, 50 mM Tris, pH 8.0, 0.1% Nonidet P-40, 0.5% deoxycholic acid) containing 0.1 mM PMSF, complete mini protease inhibitor (Roche Applied Sciences), and 50 M NaF. DNase I (30 units; Roche Applied Sciences) was then added and incubated at room temperature for 30 min. The total protein amount of each sample was determined by the BCA TM protein assay kit (Thermo Scientific). An equal amount of retinal homogenate from each sample was electrophoresed on 4 -12% Bis-Tris SDS-PAGE gel (Invitrogen) followed by transfer to nitrocellulose membrane (Whatman TM ; GE Healthcare Life Sciences) and incubated overnight with the following primary antibodies: rabbit anti-PDE polyclonal antibody (1:1000, Cytosignal, PAB-06800), rabbit anti-ROS-GC1 polyclonal antibody (1:500, Santa Cruz, sc50512), mouse anti-G t ␣ antibody (1:5000, EMD4Biosciences, 371740), rabbit polyclonal anti-GCAP1 and GCAP2 antibodies (1:2000 and 1:1000, respectively, generated in our laboratory), mouse anti-ubiquitin monoclonal antibody (1:1000, Sigma, U0508), mouse anti-GRP78/Bip monoclonal antibody (1:1000, BD Biosciences, 610978), rabbit anti-phospho-eIF2␣ (Ser-51) polyclonal antibody (1:1000, Cell Signaling Technology, 9721), rab-bit anti-ATF3 antibody (1:1000, Sigma-Aldrich, HPA001562), rabbit anti-CREB-2 (ATF4) antibody (1:500, Santa Cruz, sc200), rabbit anti-ATF6␣ antibody (1:500, Santa Cruz, sc22799), rabbit anti-IRE1␣ antibody (1:1000, Cell Signaling Technology, 3294), and mouse anti-actin antibody (1:5000, Millipore, MAB1501). For detection of phototransduction proteins (PDE, GC1, G t ␣, GCAP1, and GCAP2), as well as ubiquitin and actin, membranes were then incubated with fluorescently labeled secondary antibodies (1:10,000, LI-COR Biosciences, P/N926-31081) at room temperature for 1 h and detected by Odyssey infrared imaging system. Densitometric scanning of each band was followed by quantitative analysis using ImageJ. GRP78, p-eIF2␣, ATF3, ATF4, ATF6␣, and IRE1␣ signals were detected using Amersham Biosciences ECL Western blotting detection reagent (GE Healthcare Life Sciences). The films were scanned, and the intensity of the bands was quantified using Photoshop. The proteasome-associated proteins were isolated by a proteasome isolation kit (Calbiochem, 539176) following the manufacturer's protocol and detected by the Western blot analysis as described above. Quantitation of Western data were obtained using at least three independent sets of experiments obtained from independent mice (n Ն 3).
Biochemical Characterization of GCAPs Aggregates-Individual retinas from dark-adapted or light-exposed mice were isolated under infrared light and lysed in 200 l of ice-cold buffer (PBS, pH 7.5, 5 mM EDTA, 1%Triton X-100) with protease inhibitor mixture (Roche Applied Science) for 1 h at 4°C on a nutator. Insoluble material was recovered by centrifugation at 13,000 ϫ g for 15 min and dissolved in 100 l of SDS loading buffer at room temperature for 10 min and briefly homogenized to disperse the pellet. Equal fractions of the samples were subjected to SDS-PAGE followed by Western blot analysis.
RESULTS

Time Course of Retinal Degeneration in Two Different Mouse Models of Light Damage-ARR1
Ϫ/Ϫ , BALB/c, and C57 mice were exposed to 5,000-lux white fluorescent light without pupil dilation for the indicated times ( Fig. 1) . In ARR1 Ϫ/Ϫ retina, morphology was largely intact at 12 h except for a few pycnotic nuclei (Fig. 1A , arrows, top row). At 36 h, the nuclei appeared misaligned, and the outer segment structure was disrupted. When the mice exposed to 12 h of constant light were allowed to recover in darkness for 36 h, retinal structure recovered, but the thickness of the outer nuclear layer (ONL) was reduced by ϳ20% because of cell death. Light exposure also led to substantial disruption of albino BALB/c retinas and a reduction of ONL thickness (Fig. 1A , middle row). Quantification of ONL thickness across the entire span of the retina is shown in Fig. 1B . The ONL thickness was not statistically different between BALB/c and ARR1
Ϫ/Ϫ retinas except for the 12-h light ϩ 36-h dark time point where the ARR1 Ϫ/Ϫ retinas were slightly thinner.
Light Exposure Causes Distinct Profiles of Phototransduction Protein Degradation in the ARR1
Ϫ/Ϫ and BALB/c Retinas-As a first step toward characterizing the initial molecular events downstream of rhodopsin activation, Western blots were performed to compare the levels of phototransduction proteins in the ARR1
Ϫ/Ϫ and BALB/c retinas. In the control C57/B6 samples, light exposure had little effect on the level of guanylyl cyclase 1 (GC), rod PDE6 catalytic ␣␤ subunits (PDE␣␤), gua- (30) . Closure of CNG channels following light exposure causes a drop in intracellular [Ca 2ϩ ], which leads to GC stimulation by GCAPs to synthesize cGMP. Ca 2ϩ -free GCAP2 appears to be structurally unstable in vitro (31) and perhaps unstable in vivo as well ( Fig. 2A; see also below) . However, the selective degradation of GCAP2 alone had no apparent effect on retinal morphology in the control C57/B6 retina (Fig. 1) . This decrease in GCAP2 was also observed in the ARR1 Ϫ/Ϫ retina after 12 h of light exposure, together with PDE6␣␤ (Fig.  2B , p Ͻ 0.002 and p Ͻ 0.003, respectively). No significant changes were observed for GC1, GCAP1, or GNAT1. In the BALB/c retina, the levels of the majority of the proteins assayed were lowered after 12 h of light exposure (Fig. 2C , p Ͻ 0.05 for all protein assayed except for GC, which did not reach statistical significance). At the 36-h time points all of the phototransduction protein levels were further reduced in both ARR1
Ϫ/Ϫ and BALB/c retinas, a result consistent with the ongoing cell death occurring at the later time points (Fig. 1) .
PDE activation by G t ␣-GTP also sets in motion GTP hydrolysis by the GTPase-activating protein complex consisting of PDE␥, G␤5L, and RGS9 (for regulator of G-protein signaling). These interactions are increased as a consequence of constitutive transducin activation by photolyzed rhodopsin. We compared the levels of GTPase-activating proteins between the dark basal level and after 12 h of light exposure to see whether increased interaction of these proteins may have caused their destabilization (Fig. 2D) . Interestingly, the level of PDE␥ was reduced by more than 70% in the light-exposed ARR1 Ϫ/Ϫ retinas, but not G␤5L or RGS9. In the BALB/c retina, all of the proteins in the GTPase-activating protein complex were decreased (Fig. 2D) . Thus a specific down-regulation of all three subunits of PDE6 occurred in the light-exposed ARR1 Ϫ/Ϫ retinas.
We next investigated whether the rapid protein degradation is through the ubiquitin-proteasome system (UPS). Phototransduction proteins are highly abundant proteins expressed by the rod cells. Notably, overload or impairment of the UPS has been implicated in many types of retinal degenerations (32) (33) (34) (35) . To see whether this is the case, the global ubiquitinated proteins and proteasome-associated proteins were examined by Western blots (Fig. 2E, upper and lower panel, respectively) . A 2-fold increase in ubiquitinated proteins was observed in the ARR1 Ϫ/Ϫ retina after 12 h of light exposure. These levels decreased at 36 h despite ongoing degeneration (Fig. 2E , quantification of ubiquitin levels is shown on the bar graph to the right). Thus excessive transducin signaling in the ARR1 Ϫ/Ϫ retina caused many proteins other than GCAP2 and PDE6 to be marked for ubiquitin-mediated degradation. This was not observed in the BALB/c samples at any time points. A proteasome pulldown was carried out and probed with antibodies against the phototransduction proteins (Fig. 2E, lower panel) . Of the list of proteins shown in Fig. 2 (A-C) , only PDE6 and GCAP2 were associated with the proteasome at the 12-h time point (Fig. 2E, lower panel) . These results suggest a specific degradation of PDE6 and GCAP2 through the ubiquitin-proteasome system. For the BALB/c retinas, only a weak signal was observed for GCAP2 (Fig. 2E) , but not other proteins. Taken together, the large-scale degradation of the abundant phototransduction proteins PDE6 and GCAP2 in addition to other ubiquitinated proteins may have overloaded the UPS. This pathway was not utilized in the BALB/c retina, although global protein degradation did occur following light exposure.
Light Exposure Causes Aggregation of GCAP2 ProteinStructurally unstable proteins tend to form aggregates in the cell. This possibility was investigated using immunofluorescence microscopy on retinal sections prepared from C57/B6, ARR1 Ϫ/Ϫ , and BALB/c mice to visualize GCAP2 localization (Fig. 3A) . GCAP2 immunoreactivity appeared evenly distributed throughout all compartments of the photoreceptor cell layer in the dark-adapted retina from all three lines of mice. In the C57/B6 retina, this pattern was unchanged after 3 h of light exposure. However, after 48 h of light exposure, puncta can be seen to be concentrated at the level of the connecting cilia (arrow, cc). In the ARR1 Ϫ/Ϫ retina, the puncta are visible by 3 h, and their density in the outer segment increased after 12 h of light exposure. The BALB/c retina also displayed GCAP2-positive puncta after light exposure. In both ARR1
Ϫ/Ϫ and BALB/c retinas, the appearance of puncta is correlated with a loss of signal in the ONL (Fig. 3A) .
To see whether the light-induced aggregation of GCAP2 is specific to this Ca 2ϩ -binding protein, immunofluorescence of GCAP1, a functionally related Ca 2ϩ -binding protein, was also performed (Fig. 3B) . In the dark-adapted retina of ARR1 Ϫ/Ϫ and BALB/c mice, GCAP1 is evenly distributed in the different compartments of rods and cones, similar to GCAP2. This pattern remained unchanged by light exposure, a result consistent with the notion that formation of GCAP2-positive puncta reflects its tendency to misfold and aggregate under low intracellular Ca 2ϩ concentration as a consequence of constitutive phototransduction. Interestingly, GCAP1 immunoreactivity (green) appeared in the retinal pigmented epithelium (RPE) in the BALB/c, but not ARR1 Ϫ/Ϫ , retina after light exposure (Fig. 3B,  asterisk) . This is more clearly seen in a higher magnification photomicrograph (Fig. 3B , BALB/c, right top panel) that showed diffuse GCAP1 immunoreactivity within the RPE together with rhodopsin-positive (red) vesicles (arrows). Thus different modes of protein degradation were observed: in BALB/c mice, the RPE appears to play an active role, whereas in the ARR1 Ϫ/Ϫ model of light damage, protein degradation appears to occur within rod cells through protein ubiquitination.
Aggregation of GCAP2 was further evaluated by SDS-PAGE immunoblot analysis of detergent-soluble and detergent-insoluble retinal extracts from dark-adapted and light-exposed ARR1 Ϫ/Ϫ and BALB/c mice (Fig. 3C ). GCAP1 was carried as a control. Both GCAP2 and GCAP1 were in the detergent-soluble fraction (S) in the dark-adapted retinas from ARR1 and BALB/c mice. After 12 h of light exposure, GCAP2 shifted draConstitutive Transducin Signaling Induces UPR OCTOBER 17, 2014 • VOLUME 289 • NUMBER 42 Ϫ/Ϫ (B), and BALB/c (C) mice. Light exposure conditions were the same as in Fig. 1 . The left panels show Western blots of GC1, PDE6␣␤, GCAP1, GCAP2, and the ␣-subunit of rod transducin (GNAT1) in retinal extracts obtained from the indicated mice. Relative fold changes of these proteins normalized to the dark-adapted values, as well as levels of actin is shown in the bar graphs (mean Ϯ S.E., n Ն 3). D, Western blots of the GTPase-activating protein proteins PDE6␥, G␤5, and RGS9 (left panel). Both the G␤5L and the G␤5S isoforms were recognized by the G␤5 antibody. The signals were quantified and normalized to the dark-adapted values and actin levels as described above (mean Ϯ S.E., n Ն 3). E, global increase in ubiquitinated proteins was observed after 12 h of light exposure in ARR1 Ϫ/Ϫ retinas but not in BALB/c retinas. A proteasome pull down of retinal extracts obtained after 12 h of light exposure showed PDE6␣␤ and GCAP2 to be associated with this protein degradation machinery in the ARR1 Ϫ/Ϫ sample. The BALB/c extract also showed low levels of GCAP2 associated with the proteasome. The bar graph shows the relative fold change of protein ubiquitination levels compared with unexposed control levels in light-exposed ARR1 Ϫ/Ϫ and Blab/C retinas (means Ϯ S.E., n Ն 3).
matically to the detergent-insoluble fraction (P) in the ARR1
Ϫ/Ϫ , as well as the BALB/c retina, whereas GCAP1 remained predominantly in the soluble fraction. These results are consistent with the notion that light-induced fall in [Ca 2ϩ ] destabilized GCAP2 structure, leading to its aggregation and degradation through the proteasomal pathway.
Constitutive Phototransduction Activates Endoplasmic Reticulum (ER) Stress-Overload of the UPS is known to cause ER stress and induce the UPR and vice versa (36) . To examine this possibility, markers corresponding to three major arms of the UPR were analyzed by Western blots. These include RNA-activated protein kinase-like endoplasmic reticulum kinase (PERK), inositol-requiring kinase 1 (IRE1␣), and activating transcription factor 6 (ATF6␣), and glucose regulatory protein 78 (GRP78), which binds and regulates their activity (37) . In the ARR1 Ϫ/Ϫ retinas, the levels of GRP78 and proteins downstream from the PERK pathway, such as phosphorylated eukaryotic translation initiation factor 2 ␣ (p-eIF2␣), ATF3, and ATF4 were markedly increased at the 12-h time point (Fig.  4 , p Ͻ 0.05, two-tailed Student's t test) when morphologic changes were minimal (Fig. 1) . In the BALB/c retinas, a slight elevation of ATF4 was observed but did not reach statistical significance; no changes were detected in the other proteins (Fig. 4) . To further refine the time course of the UPR and to see whether the IRE1␣ or the ATF6␣ pathways were induced at an earlier time, ARR1
Ϫ/Ϫ and BALB/c mice were exposed to light for 0.5, 1, 2, 3, 4, or 5 h. As can be seen in Fig. 5 , increases in ATF4, p-eIF2␣, protein ubiquitination, and ATF3 levels were detected at these early time points (p Ͻ 0.001, one-way ANOVA), beginning with ATF4 and p-eIF2␣ at 0.5 h, followed by protein ubiquitination and ATF3 at 1 and 2 h, respectively. The levels of these proteins continued to increase thereafter. The induction of p-eIF2␣ and ATF4, which are early responders of the PERK arm of ER stress, prior to protein ubiquitination suggests that ER stress occurred prior to proteasomal stress. No changes were observed for GRP78, ATF6, or IRE1␣ (p Ͼ 0.7, one-way ANOVA). The lack of change in GRP78 levels from 0 to 5 h in the ARR1 Ϫ/Ϫ retinas suggests that the increase seen later at 12 h is likely due to positive feedback from UPR activation. No changes in ATF6 or IRE1␣ levels indicate a specific induction of the PERK arm of the UPR in the ARR1 Ϫ/Ϫ light damage model. No changes in the three pathways of ER stress were observed in the lightexposed control C57 mice (data not shown) or BALB/c retinas except for a slight but significant elevation in p-eIF2␣ (p Ͻ 0.025, one-way ANOVA). Ϫ/Ϫ , and BALB/c mice. Following light exposure, brightly staining GCAP2 puncta appeared in the area at the level of the connecting cilium and outer segment layer in the C57/B6 retinal section (48 h, arrow) . Puncta appeared earlier in the outer segment layer of ARR1 retinal sections and their number increased with time (3 and 12 h). GCAP2-positive aggregates also appeared in the BALB/c retina after light exposure, although the puncta appeared denser in the inner segment. The location of cell nuclei, visualized by DAPI staining, is shown on the right side of each panel. B, GCAP1 does not form puncta following light exposure. These sections were co-stained with GCAP1 (green), rhodopsin (red), and DAPI (blue). All three signals are shown on the right half of each photomicrograph, whereas the left half shows only GCAP1. In both the ARR1 Ϫ/Ϫ and BALB/c retinas, light damage caused rhodopsin mislocalization to the outer nuclear layer. GCAP1 distribution is unchanged following light exposure in the ARR1 Ϫ/Ϫ retina. Interestingly, GCAP1 (asterisk), as well as rhodopsin-positive vesicles (arrows), appeared in the RPE of BALB/c mice after light damage. os, outer segment; cc, connecting cilium; is, inner segment. Scale bar, 20 m. C, retinal homogenates from the indicated mice were separated into detergent-soluble (S) and -insoluble fractions (P). The signals were quantified and the P/S ratio is shown in the bar graph (n Ն 3; error bars, S.E.).
To provide further evidence that induction of ER stress is caused by constitutive phototransduction, mice lacking rhodopsin kinase (GRK1) were exposed to light under the same conditions. The absence of rhodopsin phosphorylation leads to prolonged light responses (16) , similar to ARR1 Ϫ/Ϫ . As can be seen in Fig. 6 , induction of ER stress by light exposure in the GRK1 Ϫ/Ϫ retinas followed a similar time course as the ARR1 Ϫ/Ϫ mice. At the 12-h time point, a coordinated up-regulation of GRP78, ATF3, ATF4, p-eIF␣, and ubiquitinated proteins were observed. This is followed by a decline at longer time points at 36-and 12-h light exposure/36-h dark recovery (Fig. 6 ). At the 3-, 4-, and 5-h time points, up-regulation of GRP78 has not yet occurred, but robust induction of the PERK arm of the UPR was well underway (Fig. 6) . Together, the results from ARR1 Ϫ/Ϫ and GRK1 Ϫ/Ϫ mice strongly implicate a rapid and specific induction of the PERK pathway as an initiating event in photoreceptor cell death caused by constitutive phototransduction.
To further establish transducin activation as the direct inducer of ER stress, we investigated the effects of G t ␣ (GNAT1) null background on light-triggered UPR activation in the ARR1
Ϫ/Ϫ retina. No changes in retinal morphology were observed in the ARR1
, GNAT Ϫ/Ϫ double knock-out mice after 12 h or longer time points (Fig. 7A) . Absence of G-protein signaling also circumvented up-regulation of protein ubiquitination and degradation of PDE and GCAP2 that occurred in the ARR1 Ϫ/Ϫ retina. The UPR was not induced as evidenced by the lack of changes in the GRP78 levels (Fig. 7, B and C) . In sum, these results show that constitutive activation of G-protein signaling rapidly initiates the PERK arm of the UPR and implicates this induction as an early event in the initiation of cell death.
Once activated, GT␣-GTP binds the inhibitory ␥-subunit of PDE6, which in turn hydrolyzes cGMP, leading to closure of CNG channels. The CNG channel is composed of three ␣ sub- Ϫ/Ϫ (B) and BALB/c (C) retinas (means Ϯ S.E., n Ն 3).
FIGURE 5. Early time course of UPR activation by constitutive transducin activation in the ARR1
؊/؊ retina. A, Western blots were performed on retinal extracts from ARR1 Ϫ/Ϫ and BALB/c mice that were dark-adapted or exposed to light for 0.5, 1, 2, 3, 4, or 5 h. B and C, the signals were quantified and the relative fold changes of protein levels were normalized to actin and to the dark-adapted values and plotted for ARR1 Ϫ/Ϫ (B) and BALB/c (C). The values represent the means Ϯ S.E. (n Ն 3). Induction of ATF4 and p-elf2␣ were the first to be detected at 0.5 h, followed by protein ubiquitination and ATF3. No changes were observed for IRE1␣ or ATF6. Little change in the UPR proteins was observed in the light-exposed BALB/c retinas.
units and one ␤ subunit (38) . Two previous studies have shown that knock-out of Cngb1 dramatically reduced the level of the ␣ subunit as well as the ␤ subunit, which in turn diminished the current through the CNG channel (39, 40) . This condition has also been referred to as equivalent light because it mimics the light-induced closure of the CNG channels (21) . To see whether transducin activation or channel closure leads to cell death, we used the same light damage paradigm on a CNG channel knock-out mouse line (Fig. 8 ) that we generated through disruption of the Cngb1 gene locus that ablated expression of Cngb1 but not GARP, a product from alternative splicing of the same gene (Fig. 8B) . In 1-month-old Cngb1 knock-out mice, the outer nuclear layer is largely similar in thickness to that of wild type C57 mice. However, the outer segment structure is shortened and less organized, suggesting a structural role as previously proposed (40) . Light exposure had no effect on the retinal structure of Cngb1 knock-out mice (Fig.  8A ) nor changed the level of GC, PDE, GCAP1, GCAP2, or GNAT (Fig. 8C) . Also similar to C57 mice, expression pattern of UPR markers did not change (Fig. 8D) . These results implicate constitutive transducin signaling, rather than channel closure, as the underlying cause of rapid light-induced rod cell death.
DISCUSSION
Our findings on ARR1
Ϫ/Ϫ and GRK1 Ϫ/Ϫ mice provide a link between constitutive G-protein signaling and photoreceptor cell death. Analysis of the markers of the three arms of UPR indicated a specific and rapid up-regulation of the PERK pathway; by 0.5-h post-light exposure, an increase in the signaling FIGURE 6 . Constitutive transducin activation caused by the lack of GRK1 leads to induction of ER stress sensors and increase of protein ubiquitination similar to ARR1 ؊/؊ . A, retinas from dark-adapted mice (D) or mice exposed to 12 or 36 h of constant light or from mice exposed to light for 12 h and dark-adapted for 36 h (LD) were prepared for Western blots and probed with antibodies against GRP78, ATF3, ATF4, p-elf2␣, IRE1␣, ATF6, and actin. The levels of these proteins after a shorter time course of light exposure were also evaluated (3, 4, and 5 h). B, quantification of the protein levels for the indicated time courses (means Ϯ S.E., n Ն 3). double knock-out mice was unchanged after light exposure. B, global protein ubiquitination (Ubi) levels, phototransduction, and GRP78 protein levels in ARR1 Ϫ/Ϫ GNAT1 Ϫ/Ϫ retinas did not change after light exposure. D, dark adapted; LD, 12 h light exposed followed by 36 h dark adaptation. C, the relative fold changes of phototransduction protein levels compared with dark-adapted control levels in ARR1
Ϫ/Ϫ GNAT1 Ϫ/Ϫ retinas (means Ϯ S.E., n Ն 3).
components ATF4 and p-eIF2␣ was already apparent, followed by protein ubiquitination by 1 h and an increase of ATF3 by 2 h (Fig. 5) . That G-protein signaling caused these changes is demonstrated by their complete absence when ARR1
Ϫ/Ϫ was placed into the GNAT Ϫ/Ϫ background (Fig. 7) . Little changes in the UPR stress markers were detected in the BALB/c light damage model, indicating a different mechanism of cell death. These results are consistent with our previous studies on light- Ϫ/Ϫ retinal homogenates from 3-h light-exposed mice were included as positive control (ϩ) for some lanes. The signals were quantified and plotted in the bar graph (means Ϯ S.E., n Ն 3). No significant differences were detected by ANOVA. D, dark adapted; LD, 12 h light exposed followed by 36 h dark adaptation.
induced transcriptional changes using expression arrays, which showed that ATF4 and ATF3 mRNA levels were increased several folds in the ARR1 Ϫ/Ϫ , but not BALB/c retinas, after 3 h of light exposure (42) .
Extensive work in different tissues has shown that upon PERK activation, eIF2␣ is phosphorylated. Phosphorylated eIF2␣ inhibits general protein translation, thereby reducing the amount of protein synthesis in the ER, and selectively up-regulates ATF4 translation (37) . ATF4 is a transcription factor that activates ATF3 expression, as well as other UPR-target genes that act in concert in an attempt to reestablish cellular homeostasis (43) . The ARR1 Ϫ/Ϫ light damage results are in complete agreement with this signaling cascade. Similar results obtained from GRK1
Ϫ/Ϫ mice provide further validation to the involvement of PERK activation in this cell death pathway.
Phototransduction terminates at closure of CNG channels. The retinas from Cngb1 knock-out mice mimic this equivalent light condition and were used in the same light damage paradigm to determine whether the cell death signal originates from transducin activation or channel closure. Light exposure had little effect on retinal structure and did not induce UPR in the Cngb1 Ϫ/Ϫ retina. The Cngb1 Ϫ/Ϫ retina exhibits a time-dependent, slow rate of retinal degeneration similar to previously published mouse lines (39, 40) . These results suggest that excessive transducin activation, but not channel closure, triggers rapid rod cell death through UPR induction.
The instability of the PDE␣ and ␤ subunits that we observed in the light-exposed ARR1 Ϫ/Ϫ and GRK1 Ϫ/Ϫ retinas is likely caused by persistent sequestration of the ␥ subunit by the excessive amount of activated transducin, leading to structural instability of PDE␣␤ followed by proteasome degradation. Two pieces of evidence support the notion that PDE6␥ stabilizes the PDE6␣␤ subunits. First, genetic ablation of PDE6␥ in mice led to a 4-fold reduction in the levels of PDE6␣␤ subunits and abolition of enzyme activity of the remaining molecules, resulting in cGMP accumulation and a rapid rate of retinal degeneration (44) . Second, down-regulation of PDE␣␤ catalytic subunits was also observed in two different transgenic mouse lines that express either a GTP hydrolysis-deficient human cone transducin (45) or mouse rod transducin (46) , suggesting that the mutant transducin, locked in the active conformation, sequestered mouse rod PDE6␥, leading to structural instability and degradation of PDE␣␤. The ability of cone transducin to bind rod PDE6␥ is supported by our recent study demonstrating that mouse cone transducin activated rod PDE6 with similar efficiency (47) . Normal retinal morphology in the GTP hydrolysisdeficient transducin mutant mice indicates that PDE instability alone does not trigger cell death.
Light exposure also lowered GCAP2 levels in C57/B6, ARR1 Ϫ/Ϫ , and BALB/c retinas. Phototransduction lowers intracellular Ca 2ϩ , and Ca 2ϩ -free GCAP2 appeared to be aggregation-prone in vitro (31) . The appearance of GCAP2-positive puncta following light exposure (Fig. 3A) and its partitioning into detergent-insoluble fraction is consistent with the notion that Ca 2ϩ -free GCAP2 is structurally unstable in vivo and formed aggregates. Such misfolded proteins become ubiquitinated and is targeted to the proteasome for degradation (Fig. 2E) . Because the light-exposed C57/B6 retinas also lowered GCAP2 levels and formed GCAP2-positive puncta in retinal sections, degradation of GCAP2 alone appeared to have a negligible effect on photoreceptor cell survival. However, inasmuch as GCAP stimulation of GC decreases dark-adapted sensitivity (28) , this light-induced decrease in GCAP2 concentration may have functional consequences for dark adaption following bright light exposure. In the light-exposed ARR1 Ϫ/Ϫ retina, GCAP2 degradation occurs in conjunction with that of PDE, as well as many other proteins conjugated, to ubiquitin. When combined, they may overload the capacity of the proteasome and contribute to the demise of photoreceptors.
Although light exposure did cause a global decrease in phototransduction proteins in the BALB/c retinas, their degradation was not through the UPS pathway inasmuch as no increase in protein ubiquitination was observed, and UPR was not induced during the early initiation phase of the light damage. Recent studies show that RPE is adversely affected by light exposure (48) . We observed the involvement of the RPE in the phagocytosis of GCAP1 and rhodopsin-positive membranes (Fig. 3) . Acute induction of phagocytosis of outer segment proteins may contribute to RPE stress. Additionally, protein degradation in BALB/c retinas may occur through calcium-stimulated calpain activity, which in turn activates downstream caspases that are capable of cleaving intracellular proteins (49) .
As mentioned previously, phototransduction lowers intracellular Ca 2ϩ in rods. We recently showed that Ca 2ϩ -free GCAP2 is retained in the inner segment compartment (50) and may be the basis for the accumulation of GCAP2 in the inner segment of BALB/c retinas, whereas the paucity of GCAP2 aggregates in the ARR1 Ϫ/Ϫ retina at this location may reflect its clearance by UPS. At first look, the low amount of GCAP2 aggregates at the inner segment may seem at odds with UPS activation in the ARR1 Ϫ/Ϫ light damage model. It is noteworthy that, although protein aggregation is a sign of impairment of UPS, this impairment is unlikely to be a consequence of direct choking of proteasomes by protein aggregates. Rather, UPS impairment occurs prior to the coalescence of aggregated proteins, and it has been suggested that sequestration of aggregates may be a protective response (51) .
The retinas from the transgenic mice that expressed the GTP hydrolysis-deficient transducin in rods appeared morphologically intact (45, 46) , whereas activation of excessive numbers of transducin in retinas from ARR1 Ϫ/Ϫ mice caused retinal degeneration. What could be the basis behind the difference between the two mouse models? It may be of relevance that transducin undergoes rapid GTP-GDP turnover in the ARR1 Ϫ/Ϫ rods, an energy consuming process, whereas the transducin mutant is slow to hydrolyze bound GTP. Also, as mentioned previously, the lack of ARR1 leads to a Ͼ400-fold increase in the number of transducin activated per R* (16,400 G t */R* versus 34 G t */R*). This energy consumption is further amplified by the cycles of cGMP hydrolysis and cGMP synthesis from GTP by the powerful catalytic activities of PDE6 and GC, respectively. Inasmuch as photoreceptors have very a stringent energy requirement (52), we speculate that the increased energy consumption may have caused metabolic stress leading to UPR induction. This hypothesis may appear to contradict the predicted energy consumption in darkness and light in rods, where it was calcu-lated that light exposure reduces ATP consumption by 75% (53) . However, that value was derived for light intensities within the operating range of rods. In contrast, the light regime used in our study, compounded with excessive transducin activation in the ARR1 Ϫ/Ϫ rods, are well beyond the operating range of the rod.
In conclusion, our data suggest the following model in the initiation of ER stress by constitutive phototransduction (Fig.  9 ): greatly amplified cycles of transducin activation and subsequent increased PDE6/GC activity triggered metabolic stress through excessive GTP utilization. This is followed by an increase in global protein ubiquitination that included PDE6 as well as GCAP2. The degradation of these abundant phototransduction proteins together with other ubiquitinated proteins marked for degradation caused proteasome overload, which in turn exacerbated ER stress in a vicious cycle. When the UPR failed to restore homeostasis, apoptosis ensued. In addition to constitutive G-protein signaling, there are naturally occurring rhodopsin mutations in human patients afflicted with autosomal dominant retinitis pigmentosa that have a tendency to misfold, and it has been demonstrated that these mutants also induce the UPR (32, 36, 54) . Therefore, strategies to control ER stress, either by overexpression of GRP78 (55) or application of small molecules that modulate UPR (41, 56, 57) , may be effective in the treatment of these types of retinal degenerative diseases.
